3) Less than 4% of the intracellular flavins of E . coli are free, in a form that can be extracted with n-butanol(5 %, v/v), toluene (0.05 %, v/v), cetyl trimethylammonium bromide (0.001 %, w/v) or distilled water. The remaining flavins are bound, in a form that can be extracted with trichloracetic acid ( 5 yo, w/v). The intracellular concentration of free flavins in E . coli is estimated to be less than 4 x I W M .
An approach has been made to the problem of how the synthesis of coenzymes is regulated. Two aspects of the problem have been studied, especially as they concern the synthesis of flavins by bacteria:
(1) How are coenzymes prevented from being synthesized as fast as amino acids or nucleic acid bases?
(2) How is coenzyme synthesis adjusted to the often changing physiological needs of bacteria?
Evidence is presented that flavins cannot inhibit the activity of enzymes in the flavin biosynthetic pathway of Escherichia coli, but the amount of these enzymes can be made to vary by a factor of a t least two. Repression might, therefore, account for the low rate of flavin synthesis. The possibility that repression rather than feedback inhibition also accounts for the low rate of synthesis of other coenzymes is discussed.
Flavin synthesis is not as precisely adjusted to the physiological needs of bacteria as are syntheses of major metabolites for the following reasons :
( 1 ) Flavins are greatly overproduced by bacteria during exponential growth; the ratio of flavins excreted to flavins retained in the cells is between 0.8 and 8 for all strains and cultural conditions tested.
(2) Flavin synthesis is not tightly geared to growth; thus, flavin synthesis goes on uninterrupted for more than an hour when the growth rate of E. coli or Pseudornonas~uorescens is abruptly reduced from a rapid rate to zero; also growth goes on uninterrupted for over an hour when the flavin supply is abruptly cut off from rapidly growing lactic acid bacteria. Evidently the control mechanism in the flavin pathway is not very sensitive to physiological needs. This conclusion probably applies to other coenzymes as well.
Some incidental findings of interest from other points of view were:
(1) Although internal flavins can get out of' E . coli, external flavins apparently cannot enter. This could account for the absence of flavinless mutants.
(2) After brief treatment with penicillin, E . coli becomes permeable to external flavins while remaining both impermeable to inulin and capable of synthesizing flavins.
INTRODUCTION
Coenzymes are synthesized vtry slowly. For the average coenzyme the rate is under ten molecules per bacterium per second or, about a thousand times less than the rate a t which the avenge amino acid or nucleic-acid base is synthesized by bacteria growing rapidly in ninimal media (McIlwain, 1946a) . One wonders therefore what mechanisms are used to prevent a coenzyme from being synthesized as fast as an amino acid or nucleic-acid base.
Up till now, metabolic control mechanisms have been studied almost entirely in the pathways by which amino acids and nucleic-acid bases are synthesized, as is evident from recent reviews appearing in the Cold Spring Harbor Symposia on, Quantitative Biology, volume 26 (1962), and elsewhere (Pardee, 1959;  Wilson & Pardee, 1962) . These studies lead us to suggcst four possible mechanisms for explaining the low rate of coenzi me synthesis :
(1) The quantities of some enzymes in the biosynthetic pathway of a coenzyme are very low, as a result of a strong inhibition of their formation exerted by the coenzyme (repression).
(2) The quantity of these enzyr ies is very low, as a result of a constitutively low rate of enzyme formation, not atlributable to inhibition by the coenzyme.
(3) The activity of' these enzyrzes is very low, as a result of strong inhibition of their activity by the coenzyme (feedback inhibition).
(4) The activity of these enzyrnes is very low, as a result of an inherently low catalytic activity, not attributable to feedback inhibition.
As well as explaining the low rate of coenzyme synthesis, mechanisms 1 and 3 might enable the rate of coenzyme synthesis to be adjusted to changing physiological needs.
I n this article we present evidence concerning which of the four mechanisms may operate in the biosynthetic pathways of coenzymes, in particular the pathway by which flavins are synthesized in Escherichia coli and some other bacteria. This pathway was chosen because of the comparative ease with which flavins can be assayed in the tiny amounts foLnd in small samples of exponentially growing cultures.
METHODS

Organisms.
Five different specits of bacteria were used, three of which can synthesize flavins, namely Bacillus mbtilis strain 23, Pseudomonas JEuorcscens strain A312, and the Escherichia coli strains B (wild type), C (wild type), 43-5 (leucineless), 1 K 4 (threonineless), B 96 (purinelcss), P-(purineless), M45B 4 (purineless), ATCC No. 12651 (vitamin-B,-less), M 48 34 (p-aminobenzoateless), and K 12/3000 (tliiamineless) . The other two species, which cannot synthesize flavins, were Lactobacillus casei ( Regulation of jiavin synthesis 285 a t 30" (for P . jluorescens) or 37" (for the other species). The minimal medium for growth of E . coli, B. subtitis and P . jluorescens was Davis's minimal salt solution (Lederberg, 1950) together with either glycerol, glucose or glycollic acid as the sole carbon source, usually at a concentration of 2 mg./ml. The glycollic acid was sterilized by filtration. For growth of E . coli mutants, 15-20 pg./rril. of the required amino acid or purine or 1 ,ug./ml. of the required vitamin was added to minimal medium. In some experiments E . coli was grown on supplementcd media: ( a ) the ' rich glycerol ' medium, which consisted of glycerol minimal medium together with Difco casamino acids (1 mg./ml.), tryptophan, uracil and adenine (50 pg./ml. of each) ; or ( b ) the ' rich glucose ' medium, which contained peptone, tryptone, yeast extract and beef extract (Difco products, 1 mg./ml. of each) together with glucose (2.5 mg./ml.) K,HP0,.3H20 (3 mg./ml.) and KH2P0, (1 mg./ml.). The lactic acid bacteria were grown in riboflavin assay medium (Snell, 1950 ) plus riboflavin (0-1 ,ug./ml.). Assays. Bacterial growth was determined with a Klett-Summerson colorimeter (green filter) or by measurement of total protein precipitable by cold 5 yo (w/v) trichloracetic acid (Lowry, Rosebrough, Farr & Randall, 1951) . Flavins were extracted from bacteria and their concentration determined by the fluorimetric mcthod recommended by Rurch (1957) for mammalian cells, but with the following modifications. First, flavins were routinely extracted by exposing bacteria to trichloracetic acid ( 5 %, wlv) for 15-60 min a t 0". Secondly, reproducible results of satisfactory accuracy and sensitivity could be obtained with cuvettes and test tubes that had been cleaned by heating in beakers of 50 yo (v/v) concentrated nitric acid a t 100" for 15 min. All other glassware was cleaned with detergent and all reagent solutions were made up in ordinary distilled water.
High concentrations of Aavins were determined by optical density at 450 mp (Peel, 1958) , nucleotides by optical density a t 260 mp, inulin by the modified Roe test (Roe, Epstein cli Goldstein, 1949) and amino acids by the quantitative ninhydrin method of Troll & Cannan (1953) .
Isolat ion of Javins from culture supernatants. Culture supernatants containing flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and riboflavin were made approximately 0 . 1~ with respect to HC1 and left at room temperature in darkness for 2 days to hydrolyse FAD to FMN. The FMN and riboflavin were then purified together by chromatography on Florisil (60/100 mesh, for which see Peel, 1958) and after this FMN was hydrolysed quantitatively to riboflavin with acid phosphatase (Worthington Biochemical Corporation). The phosphatase was removed with trichloracetic acid and the riboflavin was precipitated with dithionite, crystallized from 80 yo isopropanol and recrystallized several times from dilute acetic acid (Plaut, 1954) . Ultraviolet irradiation. Shallow layers of bacterial suspensions were irradiated at a distance of 25 cm. below a Sylvania 15 W. Germicidal-A ultraxiolet lamp. Radioactive counting. Solutions containing less than 3 mg. 14C-labelled riboflavin were dried on nickel planchets and counted with an end-window gas-flow counter. Each sample was counted long enough to give at least 500 counts above background, which was about 18 counts/min.
Flazin content of bacteria
The ilavins of the bacterial cel , like those of cells in general, are in the form of flavin adenine dinucleotide (FAD: and ilavin mononucleotide (FMN), although there may be a trace of riboflavin as well (Peel, 1958) . This has been verified in the present work with Escherichia coli (Table 1) . FAD makes up about 60% of the flavins when E . coli is growing on glycersl or glucose and when Pseudomonas.fluoresce.ILs is growing on glucose, but the prop( d o n of FAD rises to about 80 yo when P. jluores-Gens is growing on glycollate ( Table 1) . Peel (1958) found a smaller proportion of FAD, probably because he extracted the flavins with 10 yo (w/v) trichloracetic acid at room temperature ; under tho! e conditions FAD slowly hydrolyses to FMN. of Escher ichia coli, Pseudomonas Jluorescens and Bacillus subtilis, as determined in the present work, is between 0-21 and 0.33 pmolelg. protein during exponential growth in all media tested and under anaerobic as well as aerobic conditions. These valiies are similar to Peel's, although he harvested the bacteria in stationary phase and used different strains and culture media from ours. Apparently such variables do nc t affect the flavin content much.
Although a large proportion of the flavins in yeast and vertebrate cells is hound to protein (Euler & Adler, 1934) . in a form that can be extracted with tricliloracetic acid (Rurch, 1957; Peel, 1958) , some flavins are free in solution and some are bound so strongly that they are released only after treatment with proteases (Singer, Kearney & Massey, 1956 ; Warringa & Giuditta, 1958) . However, after Escherichia coli wits extracted with trichloiacetic acid no further flavins were released upon treatment with chymotrypsin 01' with ~N -H C I for 8 hr. at 105". A measure of the size of the soluble flavin fraction has been obtained by treating Escherichia coli with cold aqueous solutions of n-butanol, toluene or cetyl trimethylammonium bromide (Cetab), agents which break the osmotic barriers of cells apparently without splitting fla vins from flavoproteins. Such agents release small molecules from the intracellular pools of bacteria very effectively arid permit added small molecules, including flavins (see below, Table 4 ), to enter the bacteria freely (Rolton, Britten, Cowie & Roberts, 1955; Mitchell & Moyle, 1956; Newton, 1958) . However, only about 5 % of the flavins extractable by trichloracetic acid are extracted by these agents ( Table 2 ). Under the same conditions, these agents extract 50 yo of the soluble nucleotide pool (material absorbing at 260 mp). (That mild agents do not extract as much material absorbing at 260 mp as does perchloric acid, is probably because perchloric acid extracts bound coenzymes as well as pool nucleotides; in support of this, pellets extracted with the mild agents retain the creamish beige colour of living E. coli whereas the pellets are white after treatment with perchloric acid or trichloracetic acid.) Table 2 . Extraction of jlavins from Escherichia coli Escherichia coli B was spun down from samples of a culture growing exponentially in glucose minimal medium and the supernatants were discarded. The walls of the tubes were wiped thoroughly and each pellet of bacteria (8-7mg. wet weight) suspended in 1 ml. of extracting agent a t 0". After 60 min. the bacteria were spun down at 0' and the supernatants saved for measurement of optical density a t 260 mp and for fluorimetric assay of total flavins. The values presented in the last two columns are the amounts extracted by the various agents, expressed as percentages of the amount extracted by the best extracting agent in the particular experiment.
Percentage extracted Material absorbing Expt.
Extracting agent Flavin The most accurate figure for the percentage of free flavins in Escherichia coli was given by Experiment 2 (Table 2) , namely, 4.4 Yo, but even this is an upper limit because the pellets could have contained up to 0.002 mpmole flavin in the interstitial space, i.e. nearly 1 % of the total flavin in the pellet. On top of this flavins might be split from flavoproteins to some, as yet unknown, extent, during an hour in contact with these agents. It is therefore not clear how much less than 4 yo of the intracellular flavins of E . coli are in solution. Since E. coli contains a t least three parts of water to one part of protein (Roberts et aZ. 1955 ) and about 0.3pmole flavin/g. protein, there are no more than 0.1 pmole total flavin/ml., and the concentration of free flavins in E . coli is less than 4 x ~V N .
Flavin synthesis by growing bacteria
Species like Escherichia coli, which do not need an external source of flavins for growth, can synthesize flavins from simple compounds in the medium. In fact, flavins are synthesized much faster than they are needed for growth (e.g. Fig. 1 ).
If samples of the bacteria are spun down or filtered from the medium at intervals during exponential growth, the flavin content is found to stay steady at about 0.27 pmolelg. protein. The rest of the flavin synthesized is easily detected in the medium. In the experiment described in Fig. 1 , the extent of flavin overproduction, which is defined here as the ratio of excreted flavin to retained flavin, is 1.5. Table 3 
. Overywoduction of jlavins by bacteria
The experimental technique was as described in Fig. 1 . The extent of flavin overproduction, i.e. the ratio of excreted flavins to retained flavins, was calculated from equation (1). Each value given for Escherichia coli B during aerobic growth in minimal media is a mean based on more than ten experiments but other values are derived from one or two experiments. Similar results have been obtained with all other bacterial strains tested that are capable of synthesizing flavins. They include seven other strains of Escherichia coli and one strain each of Pseudomrwlas Jluorescens and Bacillus subtilis ( Table 3 ) . During exponential growth all strstins excreted 0.8 to 8 times as much flavin as they kept inside themselves. Extensive overproduction of flavins is therefore a widespread phenomenon because these three species belong to different bacterial families (Enterobacteriaceae, Pseudomonadaceae and Bacillaceae). Further evidence of the generality of the phenomenon is that it occurs during aerobic growth in all media tested, including minimal media with a variety of carbon sources (glucose, glycerol and glycollate), the rich glycerol medium, and during anaerobic growth in glucose minimal medium ( Table 3 1 
.
It should be noted that because the flavin content of bacteria stays steady throughout the exponential phase, direct measurements of excreted and retained flavin are not needed to determine the extent of flavin over-production, E ; for E can be calculated from the expression where AF is the percentage increase in the amount of flavin in the whole culture during a given interval (starting with washed cells at zero time) and AF is the percentage increase in the amount of bacterial protein during the same interval. The results presented in Table 3 have mostly been obtained in this way. Table 3 also shows that, from the growth rate (doubling time) and the extent of in glucose minimal medium were centrifuged down and resuspended in fresh warm medium to let exponential growth resume a t once. Samples of the fresh culture were taken into cold 5 yo (w/v) trichloracetic acid a t intervals during the succeeding 60 min.
for analysis of protein and total flavin. Fig. 2 The rate of flavin synthesis, expressed in more orthodox units, is between 0.3 and 0.9 pmole/g. protein/hr. during exponential growth of all three species. The rate varies with the strain and the medium, and has the same temperature coefficient as the growth rate, at least for Escherichia coli B. For a given strain in a given medium at constant temperature, the rate of flavin synthesis is constant throughout exponential phase and beyond, up to the onset of maximum stationary phase, i.e. d F / Pdt = constant, P being flavin, P being protein and t being time. This constancy of rate is not immediately evident in Fig. 1 because of the way in which the data are plotted, but it is evident in Fig. 2, for example, where a correction for protein synthesis has been made. Within 2 hr. after the onset of stationary phase, however, flavin synthesis becomes severely reduced.
Uncoupling of jlavin synthesis and growth
FZavin synthesis without growth. The growth rate of a culture in exponential phase can be abruptly reduced to approximately zero by inhibiting the synthesis of macromolecules specifically, through the use of suitable doses of ultraviolet light (Hana-Walt & Setlow, 1960; Rushizky, Riley, Prestidge & Pardee, 1960) , 5-methyltryptophan (Pardee, Shore & Prestidge, 1956) or chloramphenicol (Gale & Folkes, 1953;  Wisseman, Smadel, Hahn & Hopps, 1954), or by withholding the amino acid or nucleic-acid base needed by an auxotrophic mutant for growth. As a virtually immediate result of inhibiting the synthesis of macromolecules, it would be expected that every amino acid and nucleotide would instantly accumulate within the cell and reduce its own synthesis severely by feedback inhibition of the activity of its biosynthetic enzymes. The same might be expected of flavin synthesis because flavins too are, in a sense, constituents of macromolecules (flavoproteins). Indeed it is well known that the synthesis of amino acids and nucleotides does become severely inhibited immediately under such circumstances and this was verified in the present work.
However, flavin synthesis was not inhibited at all when growth of Escherichia coli was abruptly inhibited with u.ltraviolet light (Fig. 3 a ) or 5-methyl-tryptophan ( Fig. 8 b ) or by withholding leucine from a leucineless mutant ( Fig. 3 c ) or purines from a purineless mutant ( Fig. 3 4 . Under these conditions all the flavin synthesized was excreted. Similar results were obtained when threonine was withheld from a threonineless mutant (Escherichia coli 1 K 4), or when purines were withheld from two other purineless mutants (E. coli B 96 and P-), or when PseudomonasJluorescens was irradiated heavily with ultraviolet light, But when chloramphenicol was added to exponentially growing E . coli B cultures, flavin synthesis was not sustained for long at the rate characteristic of growing bacteria (Fig. 3b) . Within 15 min. after adding the inhibitor the rate of flavin synthesis began to fall, possibly because of some secondary detrimental effect of chloramphenicol on intermediary metabolism as a whole (cf. Pardee & Prestidge, 1959) . What is significant for the problem under consideration is that several indiependent methods of abruptly reducing the growth rate from a rapid exponential rate to approximately zero do not lead to any adjustment in the rate of flavin synthesis.
Residual growth without vitamins. As is well known, mutants requiring amino acids stop growing abruptly and completely as soon as the required amino acid is withdrawn from the medium. In the case of purineless and pyrimidineless mutants the situation is only slightly different, in that a slow increase in turbidity, due to protein synthesis, does go on for an hour or so after withdrawing the required base from the medium (Pardee, 1955) . However, when a required vitamin was suddenly withdrawn from the medium of an exponentially growing culture, growth was a t first unaffected in any of four cases presented in Fig. 4 or when riboflavin was taken away from the growth medium of Lactobacillus casei. For an hour or more, growth went on exponentially at the same rate as when the vitamin was present; only later did the growth rate slowly decrease. That growth did finally come to a stop after many hours shows that the to the amount of growth in the sbsence of external riboflavin. That mass increases of severa' fold can take place in the absence of an external supply of a vitamin has been knDwn for a long time (e.g. Kitay & Snell, 1948 Four vitamin-requiring strains were grown to exponential phase, centrifuged down from the medium, washed twicc: by centrifugation in medium lacking the vitamin and finally resuspended in medium with or without the vitamin. The Streptococcus sp. was grown in riboflavin assay medrum ( 2 0.1 pg. ribollavin/nll.) and the Escherichia coli strains were grown in glucose minimal medium ( f 1 pg. of thiamine, pyridoxal or p-arninobenzoate/ml.). Growth was measured turbidometrically. Regulation of $avin synthesis aim here is to draw attention to the early kinetics of the process, which as shown here, demonstrate that bacteria can function very well if the supply of a vitamin, and hence the supply of the corresponding coenzyme(s), is interrupted even for as long as an hour. This should be equally true if the internal synthesis of a coenzyme were interrupted in bacteria that have no dietary need of vitamins. Indeed, when exponentially growing, wild-type Escherichia coli is exposed to folic acid analogues that may inhibit folic acid synthesis, growth goes on at an uninhibited rate for an hour or two before starting to slow down (Webb, 1954) . I n sum, there is evidence that coenzyme synthesis, including f€avin synthesis, can be inhibited for about an hour or more without affecting growth.
Permeability of Escherichia coli to added Jlavins
As a preliminary to testing the effect of added flavins on flavin synthesis, i t was necessary to find out whether bacteria are permeable to added flavins.
Pellet method. Substances to which Escherichia coli is impermeable can occupy about 30% of the volume of a centrifugal pellet (the interstitial space), whereas Table 4 
. Permeability of Elscherichia coli to Jlavins and inulin
Exherichin coli H was spun down from a culture growing exponentially in glucose minimal medium and suspended in 40 ml. of minimal salts. Ten ml. of suspension was put in each of four weighed tubes and the bacteria packed into pellets by centrifugation. The tubes were drained, wiped free of all surface liquids, and weighed again to get the weight of each pellet (0.25 g.) and hence its volume (0.25 ml.). The bacteria in each pellet were then suspended thoroughly at room temperature in 0.50 ml. of minimal salts containing inulin (1 mg./ml.) or F M N and riboflavin (each a t 2.6 x 10-3w), with or without 0-04 ml. n-butanol. The bacteria were spun down again after 5 min. and the supernatants analysed for flavins (O.D. 450) or inulin (Roe test Moyle ( 1 %~) . Table 4 shows that the percentage of the pellet volume accessible to flavins is about 30 %, the same as for inulin, even when FMN and riboflavin are both present a t concentrations that are enormous (5 x 1 0 -3~) in comparison with the intracellular concentration of free flavins (4 x 1 0 -6~) . Now inulin is a classic example of a substance to which bacteria are impermeable (Mitchell & Moyle, 1956; Pardee, 195 '7) ; so there can be no doubt that flavins cannot enter intact cells under these conditions. They can only enter when the osmotic barriers have been broken with an agent like butanol (Table 4 ). However, one cannot be certain that these conclusions apply to growing bacteria because the bacteria in the permeability tests were in a different physiological state. Isotopic method. Isotopic experiments with growing bacteria provide some support for the view that Escherichia coli is impermeable to added flavins. The specific A. C. WII~SON AND A. B. PARDEE activity of the flavins excreted 1: y E . coli growing on radioactive glucose was not altered detectably when liigh cor centrations of FMN and riboflavin were added to the medium (Table 5 ) . If the added flavins entered the bacteria they would be expected to displace all the nemly synthesized flavins into the medium, thereby raising the specific activity of tl e excreted flavins by about 50 %. However, the experimental error in measuring the radioactivity of excreted flavins is large ( & 15 yo) because they account f 3r less than a ten-thousandth of the cell material synthesized from glucose. Hence. a very slow entry of flavins, perhaps accompanied by a small degree of feedback nhibition, would be consistent with the results. Nonetheless, the simplest explanation of the results is that E . coli is impermeable to added flavins. as the sole carbon sourcc (I mg./ nl., 1.5 x lo5 counts/min./mg. carbon); one flask also contained riboilavin (8 x 10-6~) arid FRlN (8 x 1 0 -6~) .
The bacteria were removed from the media by centrifugation and ,hen non-radioactive riboflavin and FMN were added to twing the total amount in eac'i supernatant to 20 mg. FMN and 15 me;. riboflavin. The f-lavins in each supernatant M ere converted to riboflavin which was in turn isolated and crystallized repeatedly as des xibed under Methods. A permeable preparation of -2scherichia coli capable of synthesizing j a v i n s In view of the evidence that lkcherichia coli is impermeable to external flavins, attempts were made to develop a permeable preparation that retained the ability to synthesize flavins. The best approach seemed to be to find an agent milder than aqueous butanol, one that would weaken the permeability barriers without interfering seriously with metabolism It was found that penicillin could act in this way. E . coli B was treated for a few niinutes with penicillin while growing exponentially in a rich glucose medium and tlten spun down from the medium and suspended at high turbidity in a lactate-salts mixture. When this preparation was shaken a t 37" there was no net synthesis cf protein but flavins were synthesized steadily for an hour or more ( Fig. 5a, b ; solid circles) at about a third of the rate of flavin synthesis by growing E . coli.
Specific activity (counts/min./mg. carbon) Number of
Besides fulfilling the requirm ent of synthesizing flavins, the preparation fulfils the permeability requirements. l'able 6 shows that bacteria grown for a few minutes in the rich medium with penicil in retain their complete impermeability to inulin, yet have become permeable to b3th FMN and riboflavin. The permeability to riboflavin would appear to be complete, but the data suggest that FMN may still en- , 1957) . Moreover, many small molecules start to leak from Escherichia coli after a few minutes of growth in penicillin (Prestidge & Pardee, 1957 ; Maas, 1 9 5 9~) . In conclusion, E . coli grown for a few minutes in a rich medium plus penicillin has enhanced permeability towards many small molecules, including flavins; yet the bacteria cannot have lysed because they retained their impermeability to inulin. To test whether added flavins can inhibit the activity of the flavin-synthesizing enzymes would, therefore, seem possible with this preparation. Such tests have been carried out with FMN (Fig. 5 a ) and riboflavin (Fig. 5 b ) . As the figure shows, these flavins a t concentrations up to 8 x 1 0 -6~ do not affect the rate of flavin synthesis appreciably. Since the test concentrations are probably at least as high as the normal intracellular concentration of flavins (less than 4 x ~W M ) , and since the intracellular concentration in penicillin-treated bacteria is probably much lower than normal, the results suggest that in intact bacteria flavin synthesis is not normally being held down by feedback inhibition of enzyme activity. 
Pemability of penic illin-treated Escherichia coli to Jlavins and inulin
Escherichia coli B was grown to exponential phase in a rich glucose medium. Then penicillin was added to a portion of the culture to give a concentration of 100 pg./ml. After 10-12min. of further growth the bacteria were spun down and suspended in minimal salts. The bacteria in aliquots of the suspensions were then packed into pellets by centrifugation in weighed tubes and the percentage of the pellet volume accessible to indin, FMN and riboflavin was nLeasured as described in Table 4 Fig. 6 . Flavin synthesis after growth in rich and poor media. Escherichia coli B was grown to exponential phase in the 'rich glycerol' medium (triangles) and in glycerol minimal medium (circles), centrifuged down and resuspended in fresh media of both kinds. During the succeeding 60 min. of growth samples were taken from each culture for analysis of protein and total flavin. Solid symbols refer to flavin synthesis in the rich medium and empty symbols to flavin synthesis in the minimal medium. Regulation of Jlavin synthesis 29'7
Eflect of rich and poor media o n j a v i n synthesis by Escherichia coli Several attempts have been made to find out whether the flavin-synthesizing enzymes can vary in amount according to the cultural conditions. Success has been achieved so far in only one type of experiment (Fig. 6) . Escherichia coli B was grown to exponential phase in minimal medium and in a rich medium lacking flavins and then the bacteria from each culture were spun down and resuspended in media of both types. During the succeeding 30 min. in minimal medium the bacteria from the rich medium synthesized flavin twice as fast as bacteria from the minimal medium, During the same time in rich medium somewhat lower rates of flavin synthesis were observed, but again bacteria from the rich medium synthesized flavins twice as fast as bacteria from minimal medium. Afer 30 min. the rates of flavin synthesis began to adapt to the new media. When the experiment was repeated by suspending bacteria, grown in the minimal or the rich medium, in minimal medium containing chloramphenicol to prevent enzyme synthesis, the twofold difference in rate of flavin synthesis was maintained for a t least 60 min.
It is likely that this difference in rates of flavin synthesis reflects a difference in the amount of flavin-synthesizing enzymes in bacteria grown on rich and minimal media. M each) during many generations of growth in the rich and minimal media had no effect on the rate a t which Escherichia coli B synthesized flavins in minimal medium containing chloramphenicol. This is consistent with the evidence that E. coli is imperme- It is therefore unlikely that feedback inhibition is responsible for the low rate of flavin synthesis in comparison with amino acid Synthesis.
Ideally, other experiments could be done to test whether flavins inhibit the activity of flavin-synthesizing enzymes, even though none of the early enzymic steps of flavin synthesis are known, for example, isotopic competition experiments (Roberts et al. 1955 ) and experiments on the excretion of biosynthetic intermediates by mutants with a genetic block in the pathway. Unfortunately, because Escherichia coli, like Ashbya gossypii (Maley & Plaut, 1959) , is impermeable to added flavins it has been impossible to carry out isotopic competition experiments or to isolate flavinless mutants, despite deliberate attempts by ourselves and others (e.g. Davis, 1950) to do so.
Further evidence against feedback inhibition can be drawn, nevertheless, from work that has been done on the terminal steps in flavin synthesis. Studies with the purified enzyme that catalyses the conversion of ribityl lumazine to riboflavin suggest that its specific activity (uninhibited) in intact cells is about 1 pmole riboflavin formed/g. protein/hr. iii Escherichia coli and several other bacteria and fungi (Plaut, 1960 and unpublished) . And the last two enzymes in the pathway, flavokinase and FAD synthetase, have specific activities of probably less than 1 pmole substrate converted/g. p :otcin/hr. in intact brewer's ycast (Schrecker & Kornberg, 1950 ; Kcarney & Engl: trd, 1951) and Lactobacillus arabinosus (Snoswell, 1957) . Consequently, the enzymes are not in appreciable excess over the amount needed to support the observed rate of flavin synthesis by rapidly growing bacteria (0.3-0.9 pmole/g. protein/hr. for Escherichia coli, Bacillus subtilis and Pseudoinonas jiuorescens). Yet a huge excess of c'nzyme would be expected if feedback inhibition alone accounted for the low rate cf flavin synthesis.
Feedback inhibition may also 1 : b e unimportant in the biosynthetic pathways of other coenzymes. Thus, one enzym.: in the pathway of pyridine nucleotide synthesis, nicotinic-acid-mononuclcotide pyr 3phosphorylase, has a specific activity of about 1 pmole nicotinic acid mononucleotide formed/g. protein/hr. in Escherichia coli, an organism that synthesizes pyridi,ie nucleotides at the rate of about 1 pmole/g. protein/hr. (Imsande, 1961) . And ; I t least two enzymes in the pathway of folic acid synthesis have similarly low activii ies in Lactobacillus arabinosus (Shiota, 1959) and yeast (Weiss & Srinivasan, 1959) .
Repression. The formation of cnzymes in the flavin biosynthetic pathway is evidently influenced by nutritional 1:onditions. Resting-cell suspensions of Escherichia coli synthesize flavins more slow11 if the bacteria have been grown previously in minimal medium instead of a rich medium (cf. Fig. 6) . Now in minimal medium growth is slower and a smaller frasition of the flavin synthesized during growth is incorporated into flavo proteins t h m in a rich medium. Because of this the intracellular concentration of free flavins during growth might be higher in minimal medium than in a rich medium. Ccnsequently, repression by flavins might account for the apparently low level of flavin-synthesizing enzymes in bacteria grown in minimal medium.
Also, the large increase in the linal yield of riboflavin synthesized by Ashbya gossypii brought about by surface active agents might be due to de-repression of the flavin-synthesizing enzymes (Sinith, Smith & Papadoupoulou, 1961) .
Much better evidence is availablt : for some other coenzymes, especially pyridine nucleotidcs which can inhibit their own synthesis in Escherichia coli by inhibiting the synthesis of nicotinic-acid-mc monucleotide pyrophosphorylase (Imsande &  Pardee, 1 962) . The level of pyr doxal phosphokinase in vitamin-B,-rcquiring lactic-acid bacteria can vary according to the concentration of vitamin l3, in the growth medium (MacCormick, Gregory & Snell, 1961) . Enzymes of folic acid synthesis may also be repressible because when wild-type bacteria grow in the presence of sulphonamides, or when p-aminobenzoateless mutants grow on limiting amounts of p-aminobenzoate, they become deficient in folic acid and at the same time markedly improve their abilitj-to synthesize folic acid from p-aminobenzoate in resting-cell suspensions (Nimmo Smith, Lascelles & Woods, 1948; Lascelles & Woods, 1952) . If these latter findings were to be substantiated they would become of liistorical interest because they imtedated by several years the first reports of repression in any biosynthetic pathways.
Other mechizfiisms. There is no e\idence concerning whether mechanisms other than repression, for example, mechanisms 2 and 4, have a role in determining the low rate of coenzyme synthesis. Mechanism 2 (constitutively low rate of enzyme formation) would seem more likely than mechanism 4 (enzymes with low turnover number) to have such a role because it would be uneconomical for bacteria to synthesize huge amounts of enzymes with a very low turnover number.
T h e adjustment of fiacin synthesis to physiological needs Granting that the rate of coenzyme synthesis is about 1000 times lower than the rate at which the average amino acid or nucleic-acid base is synthesized, we can ask how precisely this low rate is adjusted to the physiological needs of bacteria. The precision of adjustment is rather poor by comparison with that in the synthesis of amino acids and nucleic-acid bases, according to several criteria.
Overproduction. One such criterion is excretion or overproduction. The excretion of a biosynthetic end product signifies that the control mechanisms in the pathway are too weak to prevent the compound from being overproduced (Moyed, 1960; Ennis & Gorini, 1961) . Moreover, the extent of overproduction, i.e. the ratio of end product excreted to end product retained, should be a measure of the weakness of these control mechanisms. According to this criterion, the control mechanisms in large-scale biosynthetic pathways are strong, because, as is well known, their end products are not found in easily detectable amounts outside the cells of bacteria growing exponentially in minimal media. Thus, sensitive methods have revealed that the extent of overproduction is about 0.01 or less for many amino acids synthesized by Escherichia coli, Pseudomonas aeruginosa and a Vibrio sp. (Roberts et aZ. 1955; Dagley Sr Johnson, 1956) , less than 0.01 for the porphyrins synthesized by the photosynthetic bacterium, Rhodopseudomonm spheroides (Lascelles, 1961) and about 0-05 or less for the nucleic-acid bases synthesized by E. coli (Wilson & Pardee, unpublished results) .
By comparison, however, flavins are greatly overproduced, as the present work has shown; the ratio of excreted to retained flavin ranges between 0-8 and 8 during exponential growth under different conditions. Several other vitamins and coenzymes are greatly overproduced during exponential growth, for example, biotin by Proteus vulguris (Thompson, 1942) , pantothenic acid b; Maas, 1959 b) , vitamin B, (Nurmikko & Laaksonen, 1961) and pyridine nucleotides (Imsande, 1961; Imsande & Pardee, 1962) by Escherichia coli, and inositol by a strain of cultured mammalian cells (Eagle, Agranoff & Snell, 1960; Eagle, personal communication) . Considering how few attempts have been made to detect overproduction of vitamins or coenzymes by exponentially growing cultures, i t would seem quite possible that all such compounds are overproduced to an extent that is large in comparison with the extent to which amino acids and nucleic-acid bases are overproduced.
In support of this, vitamins are, as a general rule, found largely in the filtrates of stationary cultures of bacteria that can synthesize them (Thompson, 1942 ; Knight, 1945; Van Lanen, 1948) . As Thompson pointed out, this may often result from overproduction and excretion of vitamins during growth, as well as from autolysis. Vitamins are present in relatively large amounts in the filtrates of stationary cultures of fungi too, especially the flavins synthesized by ascomycetes such as Eremothecium ashbyii (Goodwin & Pendlington, 1954) , Ashbya gossypii (Maley & Plaut, 1959 ;  A. C. WILSON AND A. B. PARDEE Smith et aZ. 1961) , and Candida sp. (Enari, 1958; Goodwin & McEvoy, 1959) . These findings probably also apply to coenzymes because the analytical techniques used have generally not distinguished coenzymes from vitamins.
Uncoupling of growth and coenxy me synthesis. Further evidence that coenzyme synthesis is not precisely adjusted to physiological needs is given by experiments which showed that growth and coeiizyme synthesis are not tightly coupled to each other. On the one hand, there is resi(lua1 growth in the absence of a required vitamin, and on the other hand, there is thcb evidence that when growth is inhibited Ravin synthesis goes on uninterrupted. Some data in the literature suggest that, like flavins but unlike amino acids aiid nucleic-acid bases, other vitamins and coenzymes are synthesized at a rate which cannot be adjusted quickly t o a change in growth rate. Thus although there are no reports fully comparable to the present one concerning what happens to coenz;rme synthesis when growth is abruptly halted, it is clear that non-growing bacteria can often synthesize vitamins in the absence of special supplements (McIlwain, 1946b; Nimmo-Smith et al. 1948 ; Lascelles L % Woods, 1952; Morris, 1959) . Indeeci, McIlwain found that when Escherichia coli 01' Pseudomonas aeruginosa were grovm in minimal medium, then harvested in stationary phase and suspended in frc sh medium lacking thc nitrogen source (NH,+). they would synthesize pantothenic acid at about the same rate as exponentially growing bacteria. L)isadva?ztages of precise acljustmcnt. Bacteria would probably not benefit from stricter controls over the synthesis of ilavins and other coenzymes. In the first place. the waste of energy and materials entailed in overproducing flavins and other COenzymes is small. The absolute rate a t which the average amino acid or nucleic-acid base is excreted is approximately as great or greater. In this sense, therefore, the controls in coenzyme pathways are as strict as those in large-scale pathways.
To avoid even this small absolul-e rate of excretion, control mechanisms would have to be stricter; that is, the con.:entration of end product required to inhibit its own synthesis (by whatever means) would have to be much lower. Perhaps lower concentrations would be too low fc r the end products to act as substrates for tlic synthesis of macromolecules. The fliivin case illustrates this possibility well because. as shown in the present work, the internal concentration of free flavins in Escherichio coli is already less than 4 x 1 0 -6~. This work was supported by a p i n t , E3277, from the US. Public Health Service, and was done in partial fulfilment of the requirements for a Ph.D. degree awarded to one of us (A.C.W.) while he held the Abraham Rosenberg Fellowship in Biochemistry at the IJniversity of California. 
